dsRNA and 59-triphosphate RNA are considered critical activators of the innate immune response because of their interaction with pattern recognition receptors. It has been reported that no dsRNA is detected in negative-sense RNA virus-infected cells and that Hantaan virus (HTNV) genomic RNA bears a 59 monophosphate group. In this paper we examine the 59 termini of genomic RNAs of and dsRNA production by two major groups of Old World hantaviruses. No detectable amounts of dsRNA were found in infected cells. Also, the genomic RNAs of these hantaviruses bear a 59 monophosphate group and therefore are unable to trigger interferon induction. Taken together with the earlier data on HTNV, these results suggest that in addition to the dsRNA and genomic RNA, which may be only minimally involved in the induction of innate immunity, other cellular signalling pathways may also be involved and that these await further investigation.
Hantaviruses, members of the genus Hantavirus in the family Bunyaviridae, are known to cause two severe human diseases: haemorrhagic fever with renal syndrome (HFRS) and hantavirus cardiopulmonary syndrome (Lee & van der Groen, 1989; Peters & Khan, 2002; Vapalahti et al., 2003) . They are negative-sense single-stranded RNA viruses with a tripartite genome. The large (L) segment encodes the viral RNA-dependent RNA polymerase (L protein), the medium (M) segment encodes two surface glycoproteins, Gn and Gc, and the small (S) segment encodes the nucleocapsid (N) protein and, in some hantaviruses, also the non-structural protein (NSs) (Jääskeläinen et al., 2007; Plyusnin, 2002; Plyusnin et al., 1996) .
After virus infection, cells mount an early immune response against viral pathogens: the innate immune response. Virus replication is limited at this early cellular antiviral stage, providing time for the development of the adaptive immune response. In the innate immune response, the pattern recognition receptors (PRRs), which include Toll-like receptors (TLRs), retinoic acid inducible receptor I (RIG-I) and melanoma differentiation-associated gene 5 (MDA-5), detect specific viral components such as viral RNA or DNA or viral intermediate replication products (e.g. dsRNA) and induce type I and type III interferons (IFNs) (Ank & Paludan, 2009; Baum & García-Sastre, 2010; Koyama et al., 2008) . Most pathogenic and non-pathogenic hantaviruses can activate the innate immune response. It has been reported that the early immune responses induced by non-pathogenic Prospect Hill virus (PHV) were much stronger than those induced by pathogenic Hantaan virus (HTNV), Andes virus (ANDV) and New York-1 virus (Geimonen et al., 2002; Spiropoulou et al., 2007) . Also, nonpathogenic Tula virus (TULV)-infected cells showed an earlier onset of MxA expression, but lower IFN-b induction compared with HTNV hantavirus (Kraus et al., 2004) . The Sin Nombre virus (SNV) can induce an innate immune response independent of viral replication (Prescott et al., 2005) .
The dsRNA produced during viral replication is recognized by TLR3, RIG-I and MDA-5, while the virus genomic RNA bearing a triphosphate moiety is recognized by RIG-I only (Hornung et al., 2006; Koyama et al., 2008; Pichlmair et al., 2006) . However, whether the RNA of hantaviruses could be involved in the induction of innate immunity is still in doubt, although recently reported results that the 59 termini of HTNV genomic RNA is monophosphorylated and that no detectable amounts of dsRNA are produced in negative-sense RNA-virus infected cells suggest a strategy that hantaviruses may use to evade the innate immune response (Habjan et al., 2008; Weber et al., 2006) . In order to address this question, we investigated five other Old World hantaviruses by testing their dsRNA production and by investigating the nature of the 59 termini of their genomic RNAs. Our results show that hantaviruses do not produce detectable dsRNA and their genomic RNAs lack 59-triphosphate groups at their termini, suggesting that they are not involved in the induction of innate immunity. Therefore, other cellular signalling pathways may be involved and these await further investigation.
The natural hosts of hantavirus are rodents and insectivores, with which hantaviruses are thought to have coevolved for a long time (Plyusnin & Morzunov, 2001 ). Since little is known about insectivore-borne hantaviruses, here we will concentrate exclusively on rodent-borne (ROBO) members of the genus. According to their natural hosts, ROBO hantaviruses can be divided into four groups, those carried by arvicolines, neotomines and sigmodontines from the family Cricetidae, and those carried by murines from the family Muridae (Plyusnin, 2002; Plyusnin & Morzunov, 2001) . For this study we selected Seoul (SEOV), Dobrava (DOBV) and Saaremaa (SAAV) viruses that represent Muridae/Murinae-asssociated hantaviruses, and also Puumala virus (PUUV) and TULV that represent Cricetidae/Arvicolinae-asssociated hantaviruses. All selected viruses are from the Old World and all except TULV cause HFRS.
We first tested for the presence of dsRNA in hantavirusinfected Vero E6 cells. The monoclonal dsRNA-specific mouse antibody J2 binds dsRNA in a non-sequencespecific manner; however, it has a preference for adenineand uracil-rich sequences, and also for some internal binding sites (Bonin et al., 2000; Schönborn et al., 1991) . It has been used to detect viral infection in plants, cultured mammalian cells and human tissues (Lukács, 1994; Richardson et al., 2010; Schönborn et al., 1991; Weber et al., 2006) . In our experiments, Vero E6 cells were grown on coverslips to 30-50 % confluence and infected with different hantaviruses (SEOV, DOBV, SAAV, PUUV and TULV). A549 cells were infected Semliki forest virus (SFV). Cells infected with hantaviruses and SFV were collected at different times after infection, and stained with mAb J2 and virus-specific antibody for 1 h. This was followed by three washes and then staining with Alexa fluor-conjugated anti-mouse IgG and FITC-labelled antihuman IgG/FITC-labelled anti-rabbit IgG for 1 h. The nuclear DNA was detected using Hoechst 3342. For the poly I : C transfection, Vero E6 cells were transfected with 500 ng poly I : C using Lipofectamine 2000 (Invitrogen); mAb J2 diluted 1 : 200 was also used to detect the presence of dsRNA.
As shown in Fig. 1 , strong dsRNA signals were observed in the cells transfected with poly I : C and also in the cells infected with SFV. SFV is a positive-sense single-stranded RNA virus and is supposed to produce significant amounts of dsRNA (Siu et al., 2010) . In contrast, no dsRNA was detected after SEOV, DOBV, SAAV, PUUV or TULV infection. However, virus replication was efficient, as was shown by the expression of viral protein. Therefore, the hantavirus-infected cells did not produce any detectable amounts of dsRNA.
Next, we tested whether the genomic RNAs of the different species of hantaviruses bore 59 monophosphate groups and whether they could activate RIG-I-dependent IFN-b induction. To start with, SEOV, DOBV, SAAV, PUUV and TULV were purified by pelleting through a sucrose cushion from the supernatant of infected cells. Then the viral genomic RNAs were isolated from virus particles by using an RNAeasy kit (Qiagen). The genomic RNA of influenza A virus, which has a 59 triphosphate group (Hornung et al., 2006; Pichlmair et al., 2006) , was used as a control. The viral RNAs were incubated with exonuclease for 4 h or mock treated. This 59-39 exonuclease specifically digests ssRNA bearing 59 monophosphate groups. The RNAs were purified by using an RNAeasy kit after digestion. An RT-PCR was performed to detect viral RNAs before and after exonuclease treatment.
As shown in Fig. 2 , the genomic RNA of influenza A virus could still be detected after digestion while the genomic RNAs of hantaviruses SEOV, DOBV, SAAV, PUUV and TULV were degraded. These results show that the 59 termini of all hantaviruses tested are 59 monophosphorylated.
We tested the genomic RNAs of SEOV, DOBV, SAAV, PUUV and TULV to see if they were capable of activating IFN-b promoter reporter activity. The genomic RNA of influenza A virus was used as a positive control. Calf intestinal alkaline phosphatase (CIP)-treated TULV and influenza A genomic RNAs were used as negative controls. CIP is an enzyme that can remove 59 phosphates from nucleic acids. In brief, human embryonic kidney (293T) cells were transfected with luciferase reporter plasmids to measure activation of the inducible IFN-b promoter and the constitutively active SV40 promoter, respectively. Six hours after transfection, cells were either mock-treated or transfected with poly I : C and virus genomic RNAs of SEOV, DOBV, SAAV, PUUV, TULV and influenza A virus. The cells were also transfected with the CIP-treated genomic RNAs of influenza A and TULV virus. After an overnight incubation, the cells were lysed and promoter activities were measured.
As shown in Fig. 3 , transfection of 293T cells with the genomic RNAs of influenza A virus or poly I : C resulted in strong activation of IFN-b promoter activity, while the transfection of genomic RNAs of SEOV, DOBV, SAAV, PUUV and TULV did not cause any induction. Also, the CIP treatment completely abrogated the activation of influenza A genomic RNA. It is notable that the fold induction of IFN-b promoter activity after transfection of influenza A genomic RNA is relatively low (15-20 fold) compared with the results shown by other groups (60-150 fold) under similar conditions (Habjan et al., 2008; Pichlmair et al., 2006) . This is probably due to the differing nature of the influenza A virus genomic RNA used. However, the observed results met our expectation. The hantavirus genomic RNAs were unable to activate IFN-b promoter activity.
In the present study, five Old World hantaviruses, most of them HFRS-causing agents, were used to infect cells, and no dsRNA was detected in the infected cells. One possible explanation could be that the dsRNA is located inside intracellular membrane compartments where it cannot be reached by the dsRNA-specific antibodies (Mackenzie, 2005) . However, this is unlikely because the Triton X-100 which was used as a permeabilization agent can work effectively on all cellular membranes and exposed viral dsRNA to the J2 antibody (Overby et al., 2010) . Another possible explanation would be that the amounts of dsRNA produced by hantaviruses are below our detection limit. dsRNA production and 59 termini of hantavirus RNA We cannot exclude this possibility since one molecule of dsRNA per cell can activate IFN production (Marcus & Sekellick, 1977) . Alternatively, other mechanism(s) might be used in the induction of innate immunity. For example, ribonucleoprotein particles of the negative-sense vesicular stomatitis and measles viruses were found to be capable of triggering IFN induction (tenOever et al., 2002 (tenOever et al., , 2004 .
It has been reported that the innate immune response to SNV hantavirus was independent from virus entry, IRF3, TLRs and other known PRRs in infected Huh7 cells (Prescott et al., 2007) . In contrast to these results, recent reports from the same group showed that the initial activation of innate immunity in SNV-infected Huh7 cells was because of IFN-l contained within the SNV stock, and Huh7 cells lack innate immune responsiveness to SNV (Prescott et al., 2010) . Also, UV-inactivated PHV, ANDV and HTNV were unable to induce innate immunity, and TLR3 was needed for HTNV to trigger induction of innate immunity (Handke et al., 2009; Spiropoulou et al., 2007) . However, interestingly, UV-inactivated SNV can still activate the innate immune response at early time points post-infection in human umbilical vein endothelial cells (HUVEC) cells and the initial immune response in SNVinfected HUVEC was not because of IFN-l contained in the SNV stock (Prescott et al., 2005 (Prescott et al., , 2010 . Therefore, the mechanism of induction of innate immunity by hantaviruses is unclear at present. However, the fact that UV irradiation could dramatically destroy the integrity of RNA (Malley et al., 2004) was in accordance with our results and supports the assumption that hantavirus RNA may only be minimally involved in activating innate immunity.
During the replication of negative-sense RNA viruses, antigenomic RNA (cRNA) is synthesized prior to the genomic RNA. The cRNA, which is of identical size to the genome, has just a minor contribution to RIG-I activation compared with genomic RNA, and the 59 triphosphate groups at the termini are required for both cRNA and genomic RNA (Rehwinkel et al., 2010) . While our results confirm that the 59 termini of a hantavirus genome bears a monophosphate group, the 59 termini of cRNA may also bear a monophosphate group since the synthesis of cRNA and genomic RNA is thought to occur in a similar manner (Garcin et al., 1995; Kolakofsky & Hacker, 1991) . Furthermore, the mRNA transcripts of measles virus and Epstein-Barr virus, which bear 59 triphosphate groups at their termini, are reported to activate RIG-I (Plumet et al., 2007; Samanta et al., 2006) . Interestingly, transcripts with the 59 cap of influenza and Sendai viruses do not appear to trigger RIG-I (Rehwinkel et al., 2010) . In contrast, most recently a viral mRNA, with 59 cap and 39 poly(A) section, was found to activate IFN expression through an RNase L-MDA5 pathway (Luthra et al., 2011) . The hantavirus transcript also contains a capped structure at its 59 terminus (Garcin et al., 1995) , but whether hantaviral cRNA and transcript can activate the IFN-b induction needs more detailed study.
To summarize, the hantaviruses (or at least those associated with the Muridae and Arvicolinae) do not produce substantial amounts of dsRNA and their genomic RNAs bear a monophosphate group at their 59 termini, hence they do not activate the IFN-b promoter. Growth medium collected 7-14 days after infection was cleared through a 0.22 mm filter (Millipore), and virus particles were concentrated by pelleting through a 3 ml 30 % (w/v) sucrose cushion (27 000 r.p.m. for 2 h at 4 6C in a Beckman SW28 rotor) in 10 mM HEPES, 100 mM NaCl, pH 7.4 buffer. Viral RNAs were then isolated by using an RNeasy kit. The amounts of the RNAs were measured with a Nanodrop spectrophotometer (Thermo Scientific) and 500 ng of the viral RNAs were either mock-treated or incubated with 1 U of Terminator exonuclease (Epicentre Biotechnologies) for 4 h at 30 6C. The RNAs were then purified using an RNAeasy Mini kit (Qiagen) and eluted into nuclease-free water. RT-PCR analysis was performed to check for the existence of intact viral RNAs. RT-PCR conditions and specific primers are listed in Supplementary Table S1 (available in JGV Online). Fig. 3 . Activation of IFN-b by hantavirus genomic RNAs. Subconfluent 293T cell monolayers grown in 24-well dishes were transfected with 0.15 mg p125-Luc and 0.5 ng pRL-SV40 (plasmids provided by Ilkka Julkumen, National Public Health Institute, Finland) in 50 ml OptiMEM (Gibco-BRL) using 3 ml Lipofectamine 2000 (Invitrogen) (mg DNA) "1
. After 6 h at 37 6C, cells were transfected either with 0.5 mg viral RNA or with 0.5 mg poly I : C using 3 ml Lipofectamine 2000 (Invitrogen) (mg RNA) "1 prepared in 50 ml OptiMEM. At 18 h post-transfection, cells were harvested and lysed in 100 ml of Passive Lysis Buffer (Promega). An aliquot of 20 ml lysate was used to measure luciferase activity using a dual luciferase assay (Promega). As a control, influenza A and TULV viral RNAs were treated with CIP (Finzyme) according to the manufacturer's instructions and purified with an RNAeasy Mini kit (Qiagen). Half a microgram of these viral RNAs was transfected into 293T cells as above. Mean values and SD from three independent experiments are shown.
